For the Alzheimer's Disease Neuroimaging Initiative
M ild cognitive impairment (MCI)
is associated with an increased risk of progression to a diagnosis of probable Alzheimer disease (AD) (1) (2) (3) (4) . Rates of progression vary; some individuals with MCI deteriorate rapidly, others remain stable for many years, and some revert to normal cognitive status. Improved ability to predict risk of imminent decline in patients with MCI could aid in the efficiency of largescale clinical trials and will become increasingly important for individual patient risk stratification as aggressive new treatments are developed.
Structural neuroimaging measures are sensitive to the degeneration that occurs in mild AD and MCI (5) and may be predictive of disease progression (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . However, most prior studies have been limited by small samples or use of data from one site. Researchers in many studies have used manual tracing methods, which are not practical for clinical use or use in large-scale clinical trials. Others have used automated approaches that are based on statistical parametric mapping, such as voxel-based morphometry, that can efficiently aid assessment of diseaserelated structural differences across the brain (17) but are intended for group comparisons and not individual patient assessment (18) . Furthermore, these methods provide an indirect measure of structural differences between groups that does not readily translate into quantitative change of specific anatomic structures involved in the disease.
In contrast, semiautomated methods that are based on the publicly available brain MR imaging software package (FreeSurfer; Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Boston, Mass) produce complete voxel-based segmentation, as well as cortical surface reconstruction and parcellation of each individual's brain (19) (20) (21) (22) (23) (24) (25) , with high reproducibility and accuracy comparable to that of manual labeling (21, 23, 26, 27) . These methods can be applied to individual subject data and are sensitive to the structural changes that occur in normal aging (28) , MCI, and AD (23, 29) .
Researchers in prior studies have found that atrophy of mesial temporal structures, such as the hippocampus and entorhinal cortex, is predictive of progression to AD (6, (30) (31) (32) (33) , particularly when rate of loss over time is examined (11, 34, 35) . However, mesial temporal lobe atrophy is not specific to AD (36, 37) . By examining atrophy in widespread cortical areas, we hoped to identify a pattern of regional atrophy that is specific to AD and is useful for predicting disease progression. We focused on determining the predictive capability of single-time magnetic resonance (MR) imaging measures, rather than change over time, because the capability to identify subjects at risk of imminent decline from a baseline MR image would be of greater practical value for use as an enrichment strategy in clinical trials than reliance on information from images repeatedly obtained over a 6-month or 1-year interval. Thus, the purpose of our study was to use structural MR images to identify a pattern of regional atrophy characteristic of mild AD and to investigate whether the presence of this pattern can help prospectively predict 1-year clinical decline and increased structural loss in MCI.
Materials and Methods
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Note.-APOE ϭ apolipoprotein E gene, MMSE ϭ Mini-Mental State Examination.
* Data are numbers of subjects, and numbers in parentheses are percentages unless otherwise specified. Percentages were rounded. † Data are the mean Ϯ standard deviation, and numbers in parentheses are ranges unless otherwise specified. ‡ APOE risk was defined as the presence of the APOE 4 allele. Data are numbers of subjects, and numbers in parentheses are percentages unless otherwise specified.
ment phase to optimize the MR imaging protocols for the relevant manufacturer platforms to maximize the scientific utility of the data and to ensure use of equivalent pulse sequences (44 (45) . The two T1-weighted images from each subject were rigid-body aligned to each other and then averaged to improve signal-tonoise ratio and resampled to isotropic 1-mm voxels. Volumetric segmentation (23, 24) and cortical surface reconstruction (19, 20, 22, 25) methods that were based on the brain MR imaging software package mentioned before, optimized for use on large multisite data sets, were used. The automated wholebrain segmentation procedure (23, 24) uses a probabilistic atlas and applies a Bayesian classification rule to assign a neuroanatomic label to each voxel. The atlas consists of a manually derived training set created by the Center for Morphometric Analysis (Massachusetts General Hospital, Harvard Medical School, Boston, Mass) from 40 non-ADNI subjects across the adult age range, including individuals with AD. Volumes for the hippocampus, amygdala, and ventricles were included in the present analysis. To control for individual differences in head size for volumetric measures, estimated total cranial vault volume was derived from the atlas scaling factor (46) on the basis of the transformation of the full brain mask into atlas space, as implemented in the software package. Automated volumetric segmentation required only qualitative review to ensure that there was no technical failure of the application. Failure occurred for 15 images (two for HC subjects, eight for subjects with MCI, and five for subjects with AD) because of extreme white matter disease or atrophy (eg, one case with extensive left temporal lobe loss such that the temporal horn of the lateral ventricle subsumed a large extent of the anterior temporal lobe). These subjects were excluded from analysis.
The cortical surface was reconstructed to measure thickness at each surface location, or vertex (19, 20, 22) , to allow visualization of group differences at each vertex (21) . The surface was parcellated into distinct regions of interest (ROIs) (25, 27) (Fig 1) . The cortical surface model was manually reviewed and edited for accuracy. Minimal editing was performed according to standard, objective rules, including correction of errors in removal of nonbrain areas and inclusion of white matter areas of hypointensity adjacent to the cortical ribbon. Qualitative review and editing was performed, with blinding to the diagnostic status, by one of three Only labeled ROIs were included as candidate input variables in the classifier. In addition to ROIs visible on image, thickness of bank of superior temporal sulcus and volumes of hippocampus, amygdala, and lateral and inferior lateral ventricles were also included as candidate input variables. ROIs in yellow were selected as features in model. ‫ء‬ ϭ ROI in right hemisphere was included in model, C ϭ cingulate, F ϭ frontal gyrus, Occ ϭ occipital gyrus, P ϭ parietal gyrus, T ϭ temporal gyrus.
technicians (including C.J.P.) trained and supervised by an expert neuroanatomist with more than 10 years of experience (C.F.). The technicians had a minimum of 4 months of experience reviewing brain MR images prior to their involvement in this project.
Qualitative review and editing required approximately 45 minutes per subject, with approximately 24 hours of computational time for image construction by using a dual quad-core central processing unit (Xeon E5420; Intel, Santa Clara, Calif) that had a processing speed of 2.50 GHz and 16 GB RAM. Use of several central processing units allowed the processing of images from multiple subjects to occur in parallel fashion.
Volumetric data were corrected for differences in head size by regressing the estimated total cranial vault volume (46) . Effects of age and sex were regressed from all thickness and volumetric measures.
Statistical Analysis
Differences in age and educational level across the HC, MCI, and AD groups and between the MCI subgroups were assessed with analysis of variance; differences in the MMSE score (47) , CDR Sum of Boxes score, and the Logical Memory I (Immediate Recall) and II (Delayed Recall) subscales of the Wechsler Memory Scale scores (for MCI subgroups) were assessed with analysis of covariance, controlling for the effects of age, sex, and educational level. Differences in sex distribution and genetic status were assessed with 2 tests of association, as were differences in the number of patients who had progression to a diagnosis of AD in the two MCI subgroups. In all analyses, a difference with a two-sided probability of P Ͻ .05 was considered significant.
To identify the pattern of regional atrophy that can be used to best discriminate AD subjects from HC subjects, stepwise linear discriminant analysis (LDA) employing the Wilks lambda method in a statistical software package (SPSS; SPSS, Chicago, Ill) was used. Candidate input variables comprised morphometric measures from 58 ROIs, including lateral ventricles, mesial temporal structures, and cortical association areas (Fig 1) . Leave-one-out crossvalidation minimized the inflation in sensitivity and specificity associated with use of the entire data set to train the classifier. With the statistical software package, feature selection occurs on the entire sample, not just the training sample, producing an optimistic bias in the estimation of classification performance (48) . This bias was assessed by determining the classification accuracy achievable when feature selection and weighting were performed with the leave-one-out training samples only. To assess the overall discriminative power of each classifier, receiver operating characteristic curves were computed for each classifier, and the area under the curve was calculated. Statistical comparison of the areas under the curve of the partially and fully crossvalidated classifiers was performed by using the method of Hanley and McNeil (49) . The Cohen d effect size was calculated as the mean difference between LDA scores in HC subjects and subjects with AD, divided by the pooled standard deviation.
A classifier was trained on the data from all HC subjects and subjects with AD and then was applied to data from subjects with MCI. This produced a discriminant score, the atrophy score, for each individual with MCI, reflecting the degree to which the individual's MR image findings resembled the pattern of subjects with AD or the pattern of HC subjects. Classifier scores were generated with the assumption of equal prior group probabilities. The cutoff value for group categorization was chosen to minimize the error rate in classification of subjects with AD and HC subjects. A Kolmogorov-Smirnov test, with Lilliefors significance correction, was used to assess normality of the distribution of the atrophy scores for subjects with MCI. To assess differences in MMSE score over time in the resulting MCI subgroups, analyses of covariance were used, with age, sex, and educational level as covariates, MCI subgroup as a between-subject factor, and test interval (baseline and 6 and 12 months) as a within-subject factor, with Greenhouse-Geisser adjustment for violations of the assumption of sphericity. To assess significance of atrophy, relative to HC subjects, in the regions used to calculate the atrophy score, multivariate analysis of variance, followed by univariate analysis of variance with Bonferroni adjustments for multiple comparisons, was performed.
In a prospective manner, we examined whether the structural pattern measured at baseline in subjects with MCI was predictive of clinical decline by using stepwise linear regression, with 1-year change in MMSE score as the dependent variable and the following candidate predictor variables: atrophy score; genetic risk on the basis of the presence of the APOE ε4 allele; age; sex; educational level; and baseline scores on the clinical and neuropsychologic tests used for diagnosis in the ADNI, including the MMSE, CDR Sum of Boxes, and Logical Memory I (Immediate Recall) and II (Delayed Recall) scales of the Wechsler Memory Scale.
Because investigators in prior studies have found that measures of baseline atrophy in single structures, such as the hippocampus or entorhinal cortex (6, (30) (31) (32) (33) , are predictive of clinical decline, Pearson correlations were calculated for 1-year change between MMSE score and the volumes of the left and right hippocampus, between the MMSE score and the thickness of the left and right entorhinal cortex, and between MMSE and the atrophy score.
Finally, to determine whether atrophy at baseline was associated with an increased rate of structural loss, repeatedmeasures analysis of covariance, while controlling for the effects of sex and age, was performed, with the MCI subgroup as a between-subject factor and the test interval (6 and 12 months) as a within-subject factor.
Results
The cross-validated results achieved with the statistical software package for LDA showed highly significant group discrimination between HC subjects and those with AD (Table 2) . When feature selection and weighting were restricted to the training sample, a lower sensitivity estimate and a significantly smaller area under the curve (P Ͻ .001) were obtained, although group separation was still excellent ( Table 2, Fig 2) , with a Cohen d effect size of 1.97. The receiver operating characteristic curve for this fully cross-validated model is shown in Figure 3 .
A separate LDA, trained on data from all HC subjects and subjects with AD, was performed to classify the subjects with MCI who had the HC or AD imaging phenotype. The discriminant score from this model, the atrophy score, was computed from the following features and their weights: left hippocampal volume, r ϭ 0.709; thickness of right entorhinal, r ϭ 0.597; right middle temporal gyrus, r ϭ 0.506; left bank of the superior temporal sulcus, r ϭ 0.453; right isthmus cingulate, r ϭ 0.395; right superior temporal gyrus, r ϭ 0.328; left medial orbital frontal gyrus, r ϭ 0.269; and right lateral orbital frontal gyrus, r ϭ 0.250 (Fig 1) , where the correlation is that of each measure with the standardized canonical discriminant function. Distribution of the atrophy score for the participants with MCI is shown in Figure 4 . Participants with MCI who had the AD phenotype had a pattern of regional atrophy nearly identical to that of the AD group, even in regions that did not contribute to the atrophy score. Subjects with MCI who had the HC phenotype displayed little atrophy (Fig 5) . Relative to HC subjects, subjects with MCI who had the AD phenotype had significant atrophy in all eight areas used to calculate the atrophy score (Bonferroni-adjusted P values of .001 or less for all comparisons), whereas subjects with MCI who had the HC phenotype had significant atrophy in the hippocampus (P ϭ .008) and middle temporal gyrus (P ϭ .047) only. Demographic and clinical characteristics of the two MCI subgroups are shown in Table 3 . Relative to individuals with the HC phenotype, those with the AD phenotype had higher CDR Sum of Boxes and lower verbal memory scores.
For the 160 participants with MCI for whom clinical follow-up data were available, those with the AD phenotype showed significant 1-year decline in MMSE score, whereas those with the HC phenotype remained stable (testing interval according to predicted group interaction; F ϭ 8.67; df ϭ 2, 310; P Ͻ .001) (Fig 6) . Atrophy score was the primary predictor for this decline (R ϭ 0.39; F ϭ 28.36; df ϭ 1, 158; P Ͻ .001). However, prediction improved with ad- The atrophy score showed a higher correlation with 1-year clinical decline in subjects with MCI (r ϭ 0.39, P Ͻ .001) than did left (r ϭ 0.29, P Ͻ .001) or right (r ϭ 0.33, P Ͻ .001) hippocampal volumes alone or thickness of left (r ϭ 0.16, P Ͻ .05) or right (r ϭ 0.22, P Ͻ .01) entorhinal cortices alone.
Of the 128 HC subjects with 1-year follow-up diagnostic data, two had progression to a diagnosis of MCI but none had progression to a diagnosis of probable AD. Of the 160 subjects with MCI in whom follow-up data were available, four reverted to normal cognitive status (three of whom had the HC imaging phenotype) and 33 had progression to probable AD. Those who had progression were significantly more likely to have the AD phenotype (n ϭ 26) than the HC phenotype (n ϭ 7) ( 2 ϭ 12.67, df ϭ 1, P Ͻ .001): The conversion rate among subjects with MCI who had AD atrophy was 29% (26 of 89) versus 8% (seven of 86) for the subjects with MCI who had the HC phenotype.
For the 129 participants with MCI in whom follow-up processed MR imaging data were available, those with AD atrophy showed significantly greater structural loss over time than those without (F ϭ 12.0; df ϭ 1, 125; P ϭ .001), particularly in mesial and lateral middle temporal areas (group according to region interaction; F ϭ 5.62; df ϭ 7, 875; P Ͻ .001) (Fig 7) .
Discussion
Our study was designed to determine whether individually specific quantitative structural neuroimaging measures could be used to detect mild AD and to predict decline in individuals with MCI. We found that a pattern of regional atrophy could be identified that could be used to discriminate individuals with mild AD from HC subjects, with high sensitivity and specificity. Sensitivity was on par with clinical diagnostic accuracy: Accuracy of AD that is based on histopathologic verification ranges from 85% to 90% (50) (51) (52) . Although investigators in some prior studies have reported classification accuracy values ranging from 90% to 100% on the basis of MR imaging measures, they used smaller sample sizes (16, 31, (53) (54) (55) , included AD groups with more severe impairment (53-55), or did not report fully crossvalidated results (16,31,53,54 ). Failure to cross-validate results produces an optimis-
Figure 4
Figure 4: Graph shows distribution of atrophy scores used to classify subjects with MCI. MCI atrophy score was derived from LDA trained on data from all HC subjects and subjects with AD. Discriminant model assumed equal prior group probabilities. Individuals were classified as having HC phenotype if their scores were above Ϫ0.33. Cutoff score was chosen to maximize overall accuracy of classifying HC subjects and subjects with AD on whom this model was trained. Average atrophy score for subjects with MCI was Ϫ0.50. Atrophy score is not normally distributed (Kolmogorov-Smirnov test ϭ 0.73, df ϭ 175, P ϭ .025) but shows evidence of bimodal distribution.
Figure 5
Figure 5: Average differences in thickness for subjects with AD and MCI relative to HC (NC). Top: HC subjects versus subjects with AD. Middle: HC subjects versus subjects with MCI who had AD imaging phenotype. Bottom: HC subjects versus subjects with MCI who had HC imaging phenotype. Right: Lateral views. Left: Mesial views. Blue areas indicate regions of thinning with disease. Scale reflects thickness ranging from Ϫ0.3-mm thickness (bright blue or cyan) to ϩ0.3-mm thickness (yellow).
tic bias in classification accuracy (48, 56) , as shown in our study in the decrease in sensitivity that occurred when full cross-validation was used.
Application of the discriminant model developed with data from HC subjects and subjects with AD and applied to subjects with MCI revealed that a subgroup of individuals with MCI could be identified who displayed a regional atrophy pattern similar to that in AD patients. Expression of this pattern at baseline was predictive of clinical decline. Similar results have recently been reported on a smaller subset of the ADNI cohort, in which a nonlinear classifier was applied to voxel-based morphometric data to discriminate HC from AD data (16) . Although that study reported higher classification accuracy than that achieved in our study, the best combination of free parameters in the support vector machine approach to classification used in that report is partially determined by the left-out data samples (57) , an approach that leads to overfitting the data when the number of samples is much smaller than the number of potential features. The pattern of atrophy that aided in the discrimination of subjects with AD from HC subjects in that study was spatially complex, involving temporal, frontal, and posterior cingulate regions. As observed here, expression of the AD atrophy pattern at baseline was predictive of 1-year MMSE score decline in subjects with MCI (16) . We further show, however, that expression of the AD pattern at baseline also was associated with a higher risk of progression to a diagnosis of probable AD and with a greater rate of progressive structural atrophy over a 1-year period.
The pattern that best aided in the discrimination of HC subjects from subjects with AD and that was predictive of decline in subjects with MCI involved atrophy, relative to HC subjects, in mesial temporal, lateral temporal, isthmus cingulate, and orbitofrontal regions. Mesial temporal structures have long been known to be implicated early in AD, and atrophy in these structures has been found to be predictive of disease progression (6, 13, 31, 33, 35) . Lateral temporal areas, particularly middle and inferior temporal gyri, have been implicated in the progression of AD (8, 15, 58, 59 ).
Atrophy of the superior temporal gyrus, however, has typically been observed only after a diagnosis of probable AD (58, 59) . We observed significant atrophy in this area in the subgroup of individuals with MCI who have AD atrophy, as did Fan et al (16) , suggesting that atrophy of the superior temporal gyrus can occur prior to a diagnosis of probable AD and is associated with a higher risk of imminent clinical decline.
We also observed atrophy in the isthmus cingulate (the caudal portion of the posterior cingulate) and orbitofrontal areas in subjects with MCI who have phenotypic AD atrophy. Posterior cingulate and frontal atrophy have been inconsistently observed in MCI and mild AD in both cross-sectional and longitudinal studies (10, (14) (15) (16) (58) (59) (60) (61) (62) . Methodological differences likely contribute to these discrepant findings. Nevertheless, the growing body of evidence suggests that there is substantial widespread cortical atrophy in preclinical stages of AD and that involvement of areas outside the mesial temporal lobe, including lateral temporal, posterior cingulate, and frontal areas, may be predictive of a more rapid course of disease progression.
Subjects with MCI who had AD atrophy had greater functional and memory impairment at baseline than those who did not. Nevertheless, the atrophy score was the primary predictor of clinical decline, with additional contribu-
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Figure 6: Graph shows MMSE score at baseline and at 6-and 12-month follow-up as function of neuroimaging phenotype in participants with MCI; 1-year clinical follow-up data were available for 160 participants with MCI. MCI group with AD phenotype (MCI_AD) (n ϭ 72) had significant decline over time; MCI group with HC phenotype (MCI_NC) (n ϭ 88) did not. (63) and shows the value of examining individually specific brain regions beyond the mesial temporal lobe. Future analysis by using the full neuropsychologic battery in the complete ADNI cohort will more formally address the comparative value of clinical versus morphometric measures in the prediction of disease progression. Expression of the AD pattern at baseline in MCI was associated with progressive structural loss, as well as with clinical decline. This increased rate of atrophy was observed primarily in mesial and lateral temporal areas and is consistent with prior findings of accelerated atrophy rates in these areas in MCI (10, 11, 15, 34, 35, 58, 59, 64, 65) . These findings suggest that measures of structural change in mesial and lateral temporal areas may be promising biomarkers for the assessment of the capability of a treatment to halt the progressive structural loss that accompanies clinical decline in MCI.
Limitations of this study include the following: (a) This study lacked histopathologic verification of AD and HC status. (b) There was an atypical bias, a bias that is characteristic of the larger ADNI cohort, toward male subjects in the MCI group; this bias was unlikely to have negatively affected the results because the classifier used to derive the atrophy score was trained on data in HC subjects and subjects with AD, and these groups did not show strong sex bias. (c) The ADNI is ongoing, and current follow-up data are limited and preliminary. (d) The time frame of follow-up in the current study (1 year) is too short to obtain a sufficient number of subjects with a status progressing to a diagnosis of probable AD to assess the sensitivity and specificity of predicting progression on the basis of the atrophy score. (e) Intrarater and interrater reliability of the cortical editing procedures have not yet been formally assessed. Because editing included correction of instances in which the gray matter-white matter boundary invaded white matter to include white matter areas of hypointensity in the cortical ribbon, the thickness measures in cases of white matter disease may be less reliable, although subjects with extreme white matter disease were excluded from analysis.
In conclusion, quantitative structural MR imaging measures can be used to identify a pattern of regional atrophy at baseline in subjects with MCI that is predictive of a 1-year clinical decline. Such an improvement in predictive prognostic information could be valuable for individual patient treatment, particularly when aggressive new treatments that may prevent or delay AD become available. Currently, such information could provide an important enrichment strategy for the design of large-scale clinical trials, enabling them to identify a more homogeneous cohort of individuals with MCI who are at Percentage change in volume for HC subjects or thickness at 6-and 12-month follow-up sessions for subjects with MCI who had HC and AD imaging phenotypes; 1-year follow-up MR imaging data were available for 129 participants with MCI. Percentage changes are shown for eight ROIs used to compute atrophy score. Red bars indicate subjects with MCI who had AD phenotype (MCI_AD) (n ϭ 66); significantly greater structural loss was observed in these subjects than in those who had HC phenotype (MCI_NC), signified by teal bars (n ϭ 63), particularly in mesial and lateral middle temporal areas. Group differences in structural loss for superior temporal gyrus, isthmus cingulate, and frontal ROIs (bottom row) were not significant. LH ϭ left hemisphere, RH ϭ right hemisphere, STS ϭ superior temporal sulcus.
high risk of imminent decline, allowing for smaller sample sizes and shorter trial durations.
